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Abstract 
Aircraft having winglets has a good performance of minimizing vortices and improving fuel 
efficiency compared to the aircraft wing having no winglets. Winglets being a small structure 
play an important role in reducing the induced drag in aircraft. A comprehensive 3D numerical 
study has been carried out for Clark Y airfoil to find the lift and drag coefficient for different 
cant angles over a wide range of Reynolds number or Mach number. The aerodynamic 
characteristics of lift coefficient, drag coefficient and lift-to-drag ratio are compared and it's 
miles found that every winglet configuration at a specific Mach variety had special CL, CD, L/D 
values, indicating that constant winglets do not provide optimum aircraft performance at 
different levels of flight. The numerical effects are demonstrated with available data in 
literature. 
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INTRODUCTION 
Drag and the Lift are the parameters which 
influence in the fuel economy, engine 
efficiency and the performance of the 
aircraft. Researchers are giving efforts over 
the years to increase lift co-efficient and to 
decrease drag coefficient. As technology 
advancing therefore, expectation is to 
design aircraft with more reduction in fuel 
consumption per seat-mile. Winglet may 
help to reduce the fuel consumption with 
the reduction of drag mainly induced drag 
and hence improve the lift to drag ratio [1]. 
Winglet means the vertical or angularly 
extension of the tips in each wing. Wing tip 
is the sort of accessories which is added at 
the end of wing with a view to reducing the 
vortices as well as drag coefficient. There 
are many types of drags and one of drag is 
directly influenced by lift which is called 
induced drag. As induced drag represents 
the 30-40 percent of the total drag in case of 
airplane transportation in the cruise 
condition, so it has a significant effect on 
fuel consumption [2].             
 
Sometime the very little changes of drag 
coefficient are critical and costs lot. As 
reported by Strang and McKinlay [3] that it 
costs two passengers out of 90 to 100 
passengers for change of drag co efficient 
of 0.0001. For the economic and 
environmental point of view, manufacturer 
urges to reduce the drag coefficient while 
keeping the good handling qualities in all 
aspects [4]. There are numerous aspect in 
reducing drag and increasing the lift 
especially for the air craft for example 
using LFM (local flexible membrane) [5], 
flapping airfoil [6], micro blowing 
technique [7, 8], adapting wing [9], winglet 
[10] etc. 
 
Lift is created from the lifting surfaces 
where certain amount of induced drag 
remains. Effectiveness of a particular wing 
can be measured by the coefficient of lift 
with various angles of attack.  Coefficient 
of lift as well as lift can be increased by 
angle of attack, wing thickness, also some 
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devises like flaps and slats. Smith and 
Campbell [11] showed experimentally for 
subsonic condition that the involvement of 
a winglet on an aerofoil increases the L/D 
ratio. However, the L/D ratio depends on 
Mach number, angle of attack etc.   
 
Winglet and tips of the wing (similar to bird 
feather) or slotted tips of the wing reduces 
the kinetic energy left in the vortex sheet 
during the flight and eventually decreases 
the induced drag [12]. Whitcomb [13] 
reported that the induced drag could be 
reduced significantly along with the 
improvement of L/D ratio for subsonic 
condition. He also mechanized the 
involvement of the winglet like production 
of the inward normal force and the shape of 
the winglet to separate the boundary-layer 
from the winglet surface. The total drag 
coefficient is also involved with the length 
of the winglet. Kuhlman and Liaw [14] 
reported that the decreasing the length of 
the winglet as compared with the wing semi 
span causes to reduce the fraction of the 
pressure drag. 
 
The performance of modern modified 
aircraft is remarkable. Here, the Boeing 
737-900 aircraft uses less fuel than gas-
electric hybrid car for the same distance 
travelling. This is only possible for the 
modified of the unconventional aircraft and 
operations [15]. The eagle’s wing maintains 
the desired lift with the minimum wingspan 
length. It can manipulate its feather as like 
as wingtips, curling them into winglet 
which makes them for efficient flight. 
Encouraged by this, Airbus A380 is 
designed with the addition of winglets at 
the wingtips reducing the wingspan to 
79.8m while creating the desired lift [16]. 
Recently, Beck et al. [17] applied Laminar 
flow control to reduce the drag coefficient 
up to 50% as compared with present 
turbulent aircraft. 
 
An airfoil has different dimensions and is 
defined parametrically which leads to 
numerous number of options to design an 
airfoil [18]. Researchers put their efforts to 
investigate the performance of different 
shape or design of airfoil. Some common 
type of airfoils like blended, wing fence, 
raked, upswept, drooped, hoerner, spiroid, 
wing grid etc. 
 
Ara et al. [10] carried out experimental 
investigation on both blended and double 
blended winglets and found that the 
presence of winglet has positive influence 
over lift over drag ration than that of 
without winglet. However, they concluded 
the double blended winglet has better 
performance as compared with the blended 
winglet. Yen and Fei [19] studied 
comprehensively the aerodynamics 
performance of air foil with winglet 
dihedral effect. They observed the 
performance on the basis of Reynolds 
number, angle of attack and as well as the 
winglet dihedral. Their experimental study 
was included smoke-streak flow and 
surface oil-flow configurations. They found 
the maximum L/D ratio for the dihedral of 
90o and increased up to 17% of the base 
line, however, their investigation was only 
conducted for a particular Reynolds 
number 8×104. 
 
There are very few study has been found on 
Clark Y airfoil. Vadake and Cui [20] 
carried out numerical and experimental 
investigation and emphasized on data 
collection in wind tunnel test. Jia et al. [21] 
carried out numerical simulation of Clark Y 
airfloil and computed the effect of ground 
on lift and drag. Mojtahedpoor and Naderi 
[22] investigated the Clark Y air foil with 
the inclusion of LMF (local flexible 
membrane especially in laminar and 
transient flow. They found that the presence 
of LMF causes to reduce the drag 
coefficient, delay the stall angle and 
increase the lift coefficient especially for 
the transient flow. The present study 
focuses on the lift and drag behavior for a 
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wide range of Mach number for subsonic 
condition.  
 
Numerical Model 
Numerical simulations are carried out as 
computational analysis has many 
advantages over experimental or other type 
studies. The acceptability of the numerical 
results is much higher based on the 
software, grid independence test and 
validation. Computational fluid dynamics 
analyses are carried out for Clark Y airfoil 
where O-H domain is considered for the 
flow simulation. Air is treated as working 
fluid. The general governing equations are:
 
The continuity equation  
 
𝜕𝜌
𝜕𝑡
+
∂
∂𝑥𝑗
(𝜌𝑈𝑗) = 0(1) 
𝜕(𝜌𝑈𝑖)
𝜕𝑡
+
∂
∂𝑥𝑗
(𝜌𝑈𝑖𝑈𝑗) = −
∂p′
∂𝑥𝑖
+
∂
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[𝜇𝑒𝑓𝑓 (
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𝜕𝑥𝑗
+
𝜕𝑈𝑗
𝜕𝑥𝑖
)] + 𝑆𝑀 (2) 
The k-ε model, like the zero equation model, is based on the eddy viscosity concept, so that: 
𝜇𝑒𝑓𝑓 = 𝜇 + 𝜇𝑡 (3) 
Where µt is the turbulent viscosity. Turbulent viscosity is connected with turbulent kinetic 
energy and dissipation with the following relation. 
𝜇𝑡 = 𝐶𝜇𝜌
𝑘2
𝜖
(4) 
Where Cµ  is a constant. The values of k and ε come directly from the differential transport 
equation for the turbulence kinetic energy and turbulence dissipation rate: 
𝜕(𝜌𝑘)
𝜕𝑡
+
𝜕
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Where Cε1, Cε2, σk and σε are constant. 
Pkb and Pεb represent the influence of the buoyancy force, which are described below. Pk is the 
turbulence production due to viscous forces, which is modeled using: 
𝑃𝑘 = 𝜇𝑡 (
𝜕𝑈𝑖
𝜕𝑥𝑗
+
𝜕𝑈𝑗
𝜕𝑥𝑖
)
𝜕𝑈𝑖
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−
2
3
𝜕𝑈𝑘
𝜕𝑥𝑘
(3𝜇𝑡
𝜕𝑈𝑘
𝜕𝑥𝑘
+ 𝜌𝑘)(7) 
 
The O-H domain is chosen for the 
computational analysis. The total length of 
the upstream and downstream side of airfoil 
is 3000 mm together. The height of the 
domain is 2000 mm and the width is 660 
mm, same as the wing span. The origin of 
the Cartesian coordinate system is located 
at the leading edge of the airfoil. The 
computational domain is shown in Figure 1. 
Clark Y airfoil is chosen for the numerical 
simulation as Clark Y airfoil has wide 
applications. It has comparatively large flat 
lower surface. The thickness, camber and 
lower flatness are 11.7%, 3.4% and 13.2% 
respectively. Detail of the dimension of 
Clark Y airfoil for this study is shown in 
Table 1. For the sake of computational time 
symmetry boundary conditions were 
applied and half of the geometry was 
considered for the numerical analysis. Inlet 
boundary condition was applied with a 
certain velocity flowing perpendicular the 
surface, outlet was considered as pressure 
boundary, one side of the domain is 
considered as wall and other side is 
considered as symmetry boundary.
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Fig 1: Computational domain for numerical simulation 
 
After developing geometry and domain, the 
unstructured tetrahedral mesh was 
generated around the geometry. Proximity 
and curvature is used as Advanced Size 
Function. Figure 2 shows the mesh of the 
computational domain. Coarse mesh is 
form near to the boundary and fine mesh is 
form near to the airfoil. Edge sizing 
function is also used in order to get the 
required mesh at the airfoil edges with the 
element size as 0.5 mm as shown in Figure 
2.
 
 
Fig 2: Generated Mesh 
 
Air pressure at the boundary is chosen as 
101325 Pa. The density of the air at the 
given temperature is ρ=1.225kg/m3, the 
viscosity is μ=1.7894×10-5 kg/m.s. 
Simulations are carried out with standard k 
– ε model. ANSYS 18.1 software [23] is 
used to solve the above equations. 
 
NUMERICAL VALIDATION 
Grid Independent Test 
Generally, a numerical solution will 
become greater accurate as greater nodes 
are used, but using additional nodes also 
increases the specified computer memory 
and computational time. An appropriate 
variety of nodes can be decided through 
growing the quantity of nodes till the mesh 
is adequately excellent so that further 
refinement does now not change the 
consequences. So, grid independence take a 
look at is finished to eliminate/lessen the 
influence of the wide variety of grids/grid 
length on the computational consequences. 
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Grid independent test was done for winglet 
with cant angle 60° for velocity 40m/s. The 
mesh size gradually decreases to obtain the 
fine mesh of the geometry and calculate the 
lift coefficient. Six different mesh sizes are 
considered until the lift coefficient become 
independent with the mesh size. Figure 3 
shows the lift coefficient for the different 
node numbers for the particular case. The 
simulation results show that a quite similar 
value of CL is observed for the element 
numbers of 1.75×106, 2.03×106 and 
2.52×106. So, considering computation 
time and size constraint in mind, element 
size 1.75×106 is chosen to compute the 
simulation. 
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Fig 3: Lift coefficient dependency on number of elements 
 
Azlin et al. [24] conducted 3D numerical 
simulation and found the lift coefficient for 
different air velocity. The present 
numerical results are compared with Azlin 
et al. [24] and shown in Fig. 4. The 
observation from the comparison is that the 
trend of the lift coefficient for both studies 
is very much similar. The discrepancy 
between the lift coefficients is due to the air 
foil mode as Azlin et al. [24] carried out 
numerical simulation for NACA653218. 
However, the present numerical results 
show the reasonable agreement.
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Fig 4: Comparison of lift coefficient with experiments 
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A wide number of cant angles are chosen to 
investigate the drag and lift for over the 
range of velocities. A schematic diagram is 
shown in Figure 5 for outlining the cant 
angle and the dimensions of the six winglet 
configurations (cant angle 30°, 45°, 60°, 
70°, 80° and 90°) are illustrated in Table 1. 
The schematic diagrams of the geometry 
for different cant angles are shown in Fig. 
6. 
 
 
Fig 5: Winglet dimensions showing cant angle 
 
Table 1: Winglet Dimensions 
 
Parameter 
Dimensions 
θ = 30° θ = 45° θ = 60° θ = 70° θ =80° θ = 90° 
Winglet Root Chord 
(mm) 
121 121 121 121 121 121 
Winglet Tip Chord 
(mm) 
60.5 60.5 60.5 60.5 60.5 60.5 
Angled Height, a 
(mm) 
55.1 55.1 55.1 55.1 55.1 55.1 
Vertical Height, b 
(mm) 
27.6 39.0 47.7 51.8 54.3 55.1 
Horizontal Length, c 
(mm) 
47.7 39.0 27.6 18.9 9.6 0 
 
 
 
  
  
Fig 6: Wing with winglet at different cant angle. 
Cant angle = 30° 
Cant angle = 60° 
Cant angle = 70° 
 
Cant angle = 80° 
 
Cant angle = 90° 
 
Cant angle = 45° 
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RESULTS AND DISCUSSIONS 
Numerical simulations have been computed 
on wing with winglet for different cant 
angle in ANSYS Fluent for a wide range of 
velocity (i.e. 40 m/s to 220 m/s). As the heat 
transfer or the temperature effect is not 
considered for the present study, therefore, 
the velocity of sound is taken 332 m/s 
therefore; the Mach number varies from 
0.12 to 0.66 according the inlet velocity of 
air. It should mention here that the whole 
study is carried out only for subsonic fluid 
flow condition.  
 
Comparison of CL with Velocity and 
Angle variant 
At first, numerical simulations are carried 
out for different cant angle ranging from 0o 
(which has no winglet), 30o, 45o, 60o, 70o, 
80o and 90o. Figure 7 shows the variation of 
lift coefficient for different cant angle of the 
winglet. Lift coefficient increases with the 
increase of velocity for different cant angle 
of the winglet. 
 
 
Fig 7: Lift coefficient dependency on velocity for different cant angle. 
 
It is also visible that cant angle of 30° has 
highest lift coefficient, CL in comparison 
with other types of winglets. However, as 
the cant angle increases further the lift 
coefficient decreases even much lower than 
the wing without winglet (Fig.7). 
Moreover, as the cant angle increases the 
pressure difference between the upper and 
lower surface of the airfoil reduces 
therefore, the lift coefficient decreases.  
Figure 8 shows the pressure distribution of 
upper and lower surface for 30o and 60o cant 
angle. It sees from the figure that for 
30ocant angle the pressure at the upper 
surface reduces much significantly as 
compared with cant angle 60o and 
ultimately leads to have higher lift 
coefficient.
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Fig 8: Pressure distrbution (a) upper surface and (b) lower surface for cant angle 30o 
respectively and (c) upper surface and (d) lower surface for cant angle 60o respectively. 
 
Figure 9 shows the clear indication of the 
effect of cant agnle on lift coefficient. It is 
also evident that Reynolds number and 
velocity of the wind which also indicates 
the Mach number has significant impact on 
lift coefficient. Increasing the velocity 
results in much pressure differnce between 
the upper and lower surface of the airfoil 
which leads to have larger presssure 
difference between the two surface and 
hence to increase the lift force and indeed 
lift coefficient. 
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Fig 9: CL vs. the winglet cant angle for velocity variant. 
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Comparison of CD with Velocity and 
Angle variant 
Drag coefficient variation of different wind 
velocity shows in Figure 10 and clearly 
evident that drag coefficient slightly 
reduced with the increment of the air 
velocity. Similar observation was also 
obtained by Hussain and Abood [25] on 
their experimental study on Clark Y airfoil 
that drag coefficient is influenced by the 
wind velocity and slightly decreases with 
the increase of the air velocity. 
Interestingly, the drag coefficient increases 
with the presence of winglet for lower cant 
angles and with the increase of the cant 
angle the drag coefficient gradually 
decreases. In fact, the results indicate that 
the existence of winglet may not in favor 
with drag coefficient. However, there is a 
gradual reduction of drag coefficient along 
the variation of wind speed is more 
significant for higher cant angle. Figure 11 
shows the drag coefficient variation on cant 
angle for different wind speed and indicates 
that the drag coefficient is significantly 
influenced by cant angle. 
 
 
Fig 10: CD vs. velocity for winglet cant angle variant. 
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L/D Ratio Analysis 
In aerodynamics, the lift-to-drag ratio, or 
L/D ratio, is the amount of raise generated 
through a wing or car, divided by using the 
aerodynamic drag it creates through 
transferring via the air. A higher or greater 
favorable L/D ratio is generally one of the 
principal desires in plane design; since a 
selected aircraft’s required carry is about 
via its weight, handing over that lift with 
decrease drag leads immediately to better 
fuel economic system in aircraft, climbed 
performance, and go with the flow ratio. 
L/D ratio may be calculated with the aid of 
this expression; L/D = CL/CD, L/D ratio for 
different cant angles with different velocity 
are shown in Figure 12. It can be said that 
the ratio computed for cant angle 30o 
provides quite promising result with the 
increase of velocity. It is above the ratio 
curve that of wing without winglet.
 
 
Fig 12. Variation of L/D ratio over Mach number for different cant angle 
 
Beechoook and Wang [26] carried out 
experiments and numerical simulation on 
winglet for different cant angle and found 
that the L/D ratio is much higher from their 
simulation results as compared with their 
experimental results. For example, for 0o 
angle of attack, the L/D ratio obtained from 
the experiments and simulation were within 
the range of 0-2 and 2-8 respectively. They 
justified that drag coefficient obtained from 
the experiments were experienced some 
error on six components balance of their 
wind tunnel. However they found the 
maximum L/D ratio 45ocant angle as 
compared with without winglet. 
 
However, Abdelghanyet al.  [27] Showed 
numerically that 30o cant angle gives 
maximum L/D ratio at 0o angle of attack for 
the Mach number 0.2. Similar observation 
was also found by Gueraiche and Popov 
[28] and showed that lower cant angle had 
higher L/D increment over the larger cant 
angle. The present study is also clarified 
that the lower cant angle exhibits higher 
L/D ratio and ranging from 4 to 5 for 
subsonic flow conditions. It should mention 
here that there is a large drop of L/D ratio 
for the cant angle greater than the 45o which 
also justify the previous studies. 
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CONCLUSIONS 
3D numerical simulations are carried out 
for Clark Y airfoil to investigate the fluid 
flow characteristics over the airfoil. A 
winglet is included in the airfoil and varied 
the cant angle. Simulation results showed 
that the varying the cant angle of the 
winglet has significant influence on drag 
and lift for subsonic flow conditions. It is 
also observed that cant angle 30o produces 
maximum lift to drag ratio which is an 
important aspects for the aircraft. However, 
lower cant angle leads to have higher drag 
coefficient and also higher lift coefficient. 
Therefore, the changes of cant angle may 
lead to better performance of the aircraft. 
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